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ApSTRACT

The lungs of rats. rabbits, and guinea pigs that died of anthrax
were studied by light and electron microscopy. In all three species,
the clinical signs of respiratory fallure that occurred during the ,
terminal phase of the diseage were asgociated with widespread pul- §
monary capillary thrembosis. The thrombi occurred in intact capil- i
laries and were composed of platelets and fibrin. These resulcs
are compared with previous observations in rats given anthrax
toxin and the significance of pulmonary capillary thrombosis as
a factor in the cau : of death in anthrax is discussed.
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I. TINTRODUCTION

The clinical course of fatal anthrax septicemia in man can be diviged
into iwo phases.’ The first phase, whi:' ~_ .arently represcnts thc estah-
lizhment ard ear:y dissemination of the infection, laete 3 or 4 days and
18 characterized oy miid to moderate fever, malaise, and fatigue. The
second phase, which represents the development of overwhelming septicemia
and toxemia, appears suddenly during the last day of life and is charac-
terized by the unexpected onset of dysprea, cyanosis, and a rapid, failing
puise, Death occurs after 12 fo 24 houvr« A~gpite vigorous supportive
therapy. In rabbit:s,a cattle,® and chimpanzees® the first phase uf auil.rax
septicemia i8 not apparent clinically and the earliest sign of infection
is often the onset of respiratory failure with dyspnea and cyanosis.

Previous work from our laboratory showed that Fischer 344 rats were
unusually susceptible to intravenously administered anthrax toxin anc were
killed much faster by smaller doses of oxin than were guinea pigs or mice.”
Anthrax toxin in these rats produces a rapid, predictable, lethal response.
Pulmonary edema, respiratory difficulty, and cyanosis develop after a period
without signs of illness and the rats die gasping for air. A sequential
light and electron microscopic study of the lungs of toxin-treated rats
showed that the developing pulmonary edema causeu by the toxin was associ-
ated with a marked elevation of the thin endothelial cell membranes lining
the pulmonary capillaries.° This was followed shortly by widespread pul-
monary capillary thrombosie 2nd death. The similarity between the clinical
featurss of terminal anthrax i{n man and experimental animals and those
observed in rats given toxin suggested that a morphologic study of the
lungs of animals dying of anthrax wmight add valuable information about
the cause of death in this digease,.

II., VATERIALS AND HETHODS

Necropsies were performed on all animals that died following infection
with the virulent Vollum strafin (V1b) of B. anthracis in the experiments
summarized below:

Twenty-seven male Fischer 344 rats, weighing 200 to 250 grams,
vere injected intraperitonsslly with 5 x 10° spores In 1 ml of distilled
wvater. Seventeen died from 9 to 65 hours afterward, 2 were sacrificed at
20 hours, and 8 survived.
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Fifteen male Hartley guinea pigs, weighing 230 to 280 grams, were
given 5 x 10° spores Iintraperitoneally and another 15 were inoculated sub-
cutaneously with 200 spores in 0.1 ml distilled water. Ail of the former
group and 9 of the latter group died in 23 to 100 hours.

Four male albino rabbitsg weighing 1400 to 1800 grams were inocu-
lated subcutaneously with 5 x 10’ spores and died in 58 to &Z hours.

Tiss1ie from ten rats, nine guinea pigs, and two rabbits were examined
by liglt and electron microscopy. One of the rabbits was necropsied within
a. hour after death; each of the other animals was under continuous obser-
vation from before the first signs or 1liness untli geath; processing o5
tissue was begun within 2 minutes after death. 1India ink* diiuted in
saline, was administered to some of the animals. At 20 hours after they
had been Inoculated with spores, 1 ml of a 1:20 dilution of ink was injected
intravenously into two rats with signs of respiratory difficulty and into
two rats without signs of illness. The two sick rdts died 20 minutes later
and the two asymptomatic ones were sacrificed at the same time. The same
dose of India ink was administered intracardially to four sick guinea pigs
from 3 to 45 minutes before they died. Eighteen minutes before death, 1
rabbit was given 2 ml of a 1:10 dilution of ink intravenously. These
doses of irk did not cause vascular staining in normal animals.

The lungs of all animals were removed immediately after death and were
perfused through the trachea with a 5% solution of phosphate-buffered
formalin (pH 7). The lungs were then submerged in additional 5% buffered
formalin. The entire brain and small pieces of tissue from the kidneys,
spleen, liver, heart, and skeletal muscle were also fixed in 5% buffered
formalin. When kidney tissue was prepared for electron microscopy it was
cut into l-mm blocks in a drop of cold 27 osmium tetroxide in Millonig's
buffer and then placed in additional fixative for 30 minutes. Formalin-
fixed tissues were cut and processed for routine histology. In addition
small pieces of formalin-fixed lung tissue were cut into l-mm blocks and
placed in 27 oemium tetroxide in Millonig's buffer for 30 minutes. The
small blocks of lung and kidney tissue were dehydrated and embedded in
Epon 812. Ultra-thin sections were cut, using a diamond knife with a
Porter-Blum ultramicrotome, placed ou grids, stained with uranyl acetate,
and examined with an RCA EMU-3G electron microscope.

aovodrawing Tnk, S.5. Stafford, Ine., N.Y.
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IIT. RESULTS

A. TERMINAL RESFIRATORY FATLURE

Following the inoculation of spores there was a period during which
the animals did not appear to be sick. The terminal phase of the disease
in all species began with the sudden onset of signs of respiratory dif-
ficulty. The respiratory movements appeared to be labored and the rabbit
and the rats began to breathe faster. The severity of respiratory distress
increased; eventually &ll animals became cyanotic and died gasping for air,
usually within an hour after labored respiration was discernible.

B. MORPHOLOGICAL FINDINGS

At necropsy an enlarged spleen and hyperemic lungs were observed iIn
all animals., There was no gross evidence of pulmonary edema; the lungs
collapsed when the chest was opened and were of normal size. Routine
microscopic examination revealed that the spleens were congested and
hemorrhagic, with necrosis at the centers of the lymph follicles; there
was some evidence of minimal pulmonary edems. Large numbers of anthrax
baciili were seen in the blood, the sinuaoids of the liver and spleen,
the pulmonary capillaries, and the renal glomeruli of the rabbits and
gulnea pigs; only an occasional bacillus was =sncountered in similar
specimens from the rats. Other observations in the several species are
described below.

1. Rats

The peritoneal cavities of the rats contained 0.5 to 1.0 ml of
cloudy fluid and, in most cases, there was a8 similar volume of clear fluid
in the pleural cavities, 1In several rats the chest cavities appcared to
be unusually moist but there was no accumulated fluid.

The lunge and kidneys of the two rats given India ink during the
tersminal ohase of the disease were dark gray. The routine sections of
the lungs of these rats con.ained many carbon-stained capillaries (Fig. 1).
Electron microscopic examination of the puimonary capiilaries revesicd that
the carbor particles were trapped within small capillary thrombi composed
of platelets and fibrin. Many similar capillary thrombi{ were also found
in the lungs of rats that had not been injected with India ink before
desath (Fig. 2). 1In addition to the many throtbosed capillarieg, others
were not completely occluded but contsined leukocytes and strands of
dense fibrin (Fig. 3).




Most of the gloreruli in the routine sections of the kidneys from
the two rats injected with India ink during the terminal phase of the disease
contained deposits of carbon particles (Fig. 4). Electron microscopic exami-
nat. on cof these glomeruli showec that the carbon was trapped in thrombi com-
posed of granular material. The glomerular capillaries of rats that had not
been injected with ink often contalne! strands of dense fibrillar fibrin
(Fig. 5).

The lungs and kidneys of the two rats that showed no signs of illness
at the time they were injected with India ink were of normal color; wicrec-
scopic examination revealed no evidence of capillary thromhosis,

2. Guinea Pigs

From 0.5 to 1.5 ml of clear pleural fluid was present in about two-
thirds of the guinec pigs; the others had no fivid in the pleural cavities.
The site of injectiou in the guinea pigs that had been iroculated subcu-
taneously was marked by an area of gelitinous edema. From 1 to 2 ml of
cloudy ascitic fluid was preevind in thc animals that had been incculated
intraperitoneally. )

The lungs of the sick guinea pigs that had been given India ink
pefore death were grav; the kidneys were of normal color. Routine mic:.o-
scopic examination of the lungs rc¢v=aled many carbon-filled capillaries
(Fig. 6). The number of pulmonary capillaries containing carbon particles
was less than in the rats bhut larger vessels were occluded. These vessels,
which appeared to be large capillaries, were occludz? bv layered thrombi
composed of an outer ring of plate~lets and & central core cof fibrin, plate-
lets, end carbon particles (Fiz. 7). Many pulmonary capillaries were not
occluded but were dilated and contalned bacilli ana clusters of granular
fibrin (Fig. 8).

There was no carbon staining of the glomeruli in the guines pigs
that were injected with India ink before death. The renal tubules in ail
the guinea pigs appeared to be normal, Although there was no definite
evidence of capillary thrombosis, electron microscopic examination of the
renal glomerull revealed that meny capillaries contained bacilli and
coarse, granular material (Fig. 9).

3. Rabbits

The rabbit thar wae necropsied within an hour &fter death had 15 ml
of fluid in the pleural cavities; no pleural rluid was present in the other
rabbit., The lungs of the latter rabbit, which had been injected with India
ink before death, were gray; the kidneys were normsl in czolor. As in the
rats and guinea pigs, routine microscopic ex2ziuation shcved rhat many
pulmonary capillaries contained carbon particles. In this rabbit, more




pulmonary capillaries were occluded than in the guinea pigs but fewer than
in the rats. The thrombi were similar to those found in the pulmonary
capillaries of the guinea pigs (Fig. 7); similarly, many of the capil-
laries that were not occluded contained clusters of granular fibtrin. In
some cases the clumps of granular fibrin had central strands of mature
fibrillar fibrin (Fig. 10).

There was no carbon staining of the renal glomeruli in the rabbit
given India ink before death. Many of the renal glomerull in both rabhits
were partially destroyed by colonies of anthrax bacilli and the convoluted
tubules were often lined by degenerating epithelial cells with eosinophilic
cytoplasm and pyknotic nuclei. The latter changes are similar to those
found by Nordberg® in the kidneys of rabbits killed by anthrax. The rabbit
kidneys were not examined with the electron microsco;:.

In these studies, no slterations were observed in the endothelial
cells lining the pulmonary or renal capillaries in any of the animals.
In all cases the cytoplasmic membranes appeared to be intact and the
intercellular junctions appeared normal.
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Figure 1. Routine Histologic Section of the Lung of an Infected
Rat that was Injected with India Ink Following the
Onset of Signs of Respiratory Failure. All of the
black spots in this photograph represent pulmonary
capillaries that contain ink particles. Methylene
blue, X 80.

Figure 2. Electron Micrograph of a Pulmouary Capillary from the
Lung of a Rat that Died of Anthrax. The wall of the
capillary is intact but the lumen is filled with a
thrombus composed of an outer tlayer of swollen,
degranulatcd platelets (P) and a central core of
dense fibrillar fibrin (f). Uranyl acetate, X 12,600. |




Figure 3,

Electron Micrograph of a Pulmonary Capillary from the
Lung of a Rat that Died of Anthrax. It had been
injected with India Ink after the onset of signs of
respiratorv failure. The lumen is not occluded but
contains a leukocyte (leu), an erythrocyte (rbe),

and several strands of dense fibrillar fibrin (f)
with a few electron-dense carbon particles. Uranyl
acetate, X 12,000,

Figure &,

Routine Histe,ogic Section of a Giemerulus from the
Kidney of an Infected Rat that was Injected with
India Ink Shortlv after the levelipment of Signs

of Respiratory Failure. The glomerolar capf{lleries
are distended with ;atcrial containtng clusters of
‘nk parti{cles. l:_1texy In and eosin, X 800,

11
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Figure 5.

Electron Micrograph of a Glomerular Capiliary from
the Kidney of a Rat that Died of Anthrax The lumen
contains erythrocytes (vbc) and several strands of
densc fibrin (f). The endothelial cell membranes
lining the capillary are intact. Uranyl acetate,

X 12,600.

Figure 6.

Rout {ne Sect’on of the Lung of an Infected Guinea
Pig that was Injected with Ind{a Ink Shortly after
the Onset of Signs of Nespiratory Failure. The
black spots represent pulmonary capillaries contain-
{ng ink particles. Methvlene blue, X 80.
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Figure 9.

Flectron Mizrograph of a8 Glomerular Cap:illary from
the Kidney of a Guinea Pig that Died of Anihrax.

The lumen contains a cross sectiun of a single
bacillus and 18 filled with grznular materiai. The
wall of the capillary is unaltered. Uranyl acetate,
X 19,000.

Figure 10.

Electron Micrograph of a Portion of & Ceptllary frow
the lung of a Rabbit that Diad of Anthrax. The
caplllery lumen contai{ns "wo santnrax bacilli and
clusters of granular fidrin (f), one of which tas

8 central core of dense fibrillar fibrin with promi-
nent cross stristfons. The capillary wall apeazs
normal. {Uranyl acetate, X 51,000,
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TII. DISCUSSION

There are several theories concerning the mecharism oif deuth in
anthrax.” The most widely accepted of these was proposed by Smith and
his associatesg who studied the terminal pnase of anthrax in guinea pigs
injected subcutapeously with spores.e'9 The guinea pigs developed marked
subcutaneous edems aud had decrea.ed cirulating blood volume, hemocon-
centration, prolong- i clotting time, lowered body temperature, decreased
plasma pH and b.ic. rbcaate concentration and evidence cf acute renal fall-
ure w'th oliguria and nitrogen retention, Smith and his colleagues inter-
preted these findings as indicating that anthrax killed guinea pigs by
causing increased vascular permeability with marked edema, diminished
circulating blocd volume, and secondary shock. The impaired remal function
and degererative tubular changes descriped by Ross*® were thought to repre-
sent lower nephron nephrosis rer lting from secmdary shock.

One objection to this theory of the mechanism of death in anthrax is
that many animals die of the digsease without evidence of massive edema.
For example, i{f guinea pigs and rabbits are inoculated witi: spores intra-
peritoneally, there is no subcutaneous edema and only minimal asc.-es.
Another objection is that this theory does not explain adequately the
signs of acute respiratory failure that are so prominent in the terminal
phase of the diseasge.

The results of our morphologic studiey of the lungs of rats dying of
anthrax toxin® and our present clinical and morphologic stud’'.s »f anthrax
septicemia in rats, guinea pigs and rabbits suggest that anthrax toxin acts
directly upon the membrsnes of the capillary endothelial cells to cause
increased permeability and capillary thrombrsis. In rats, guinea pigs,
and rabbits, the pulmonary capillary bed 18 chiefly involved in tais
process during anthrax septicemia, and the appearance of widespread pul-
monary capillary thrombosis coincides with the development of acute
respiratory fallure and death. Similar morphologic changes were aleo
observad {n the lungs of monkeys that died of experimental respiratory
anthrax.*?

Definite evidence of renal glomerular throwbosis was obcained only
with the rat. When India ink was {njected into sick rats there was
staining of the glomerular capillaries as well as of the pulmonary capil-
laries. Electron microscopic photographs of the glomeruli showed strands
of mature fibrin within the capillary iumen  There was no carbon staining
of the glomeruli in the rabbit and guinea pigs that were injected with
Indis ink during the terminal stage of snthrax, and electron micrographs
of the ylomerular capillaries in guinea pige showed only granula: material
not conclusively identifiable as fibrin. Further iunvestigstion {s required
to determine whether glomerular thrombosis preceded the kidney damage
reported in these upectel."lo

Aot wm———— i e < 4
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One of the interesting aspects of this study in relation to the basic
pathology of altered capillary function is the lack of ultrastructural
change in the walls of the pulmonary capillaries. An alteration in capil-
lary endothelial cells was observed in Fischer 344 rats given lethal doses
of anthrax toxin.® Associated with the increased vascular permeability
and wissive pulmonary edema in -hose rats, one might have expec 2d to find
such changes as destruction of endothelial cells or separation of intra-
cellular junctions.}2*'® 1Instead, the only alteration was an elevation
of the thinnest portion of the cytoplasmic processes of the endothelial
cells awvay from the underlying basemeént membrane. This change, which
probably results from an accumulation of fluid between the cell and the
basement membrane, occurs &8s pulmonary edema develops, and was followed
terminally by the appearance of widespread pulmonary capillary thrombosis.
In the present study, the animals dying of anthrax i{nfection had very little
pulmonary edema and the changes of the endothelial cell membranes described
above were not chererved, Instead, the signs of respiratory tallure were
asgociated only with widespread pulmonary capillary thrombosis. The layered
or ring structure of the capillary thrombi suggests that they were formed
in situ., However, there is no apparent morphological explanation for the
thrombosis because the involved capillaries were lined by intact endothelial
cells that appeared normal. Thesge findings suggest that the increased
capillary permeability and thrombosis caused by anthrax toxin are the
result of some subtle changes {n the physical properties of the endo-
thelial cell membranes.

Although this iavestigation offers no explanation of the underlyirg

mechanism, the results indicate thst pulmonary capillary thrombosis is
the immediate cause of death in anthrax of rats, rabbits, and guinea pigs.
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